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ABSTRACT 


This Annual Report sunmarizes research completed during the 
past eleven months -- September 1, 1970 through July 31, 1976. During 
this period, studies were made of (1) blood flow redistribution during 
lower body negative pressure (LBNP), (2) the profile of blood flow 
ccross the mitral annulus of the heart (both perpendicular and parallel 
to the commissures), (3) testing and evaluation of a number of pulsed 
Doppler systems, (4) acute calibration of perivascular Doppler trans- 
ducers, (5) redesign of the mitral flow transducers to Improve 
reliability and ease of construction, and (6) a frequency offset 
generator designed for use In distinguishing forward and reverse 
components of blood flow by producing frequencies above and below the 
offset frequency. Finally methodology has been developed and Initial 
results have been obtained from a computer analysis of time-varying 
Doppler spectra. 
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INTRODUCTION 


This Report documents research completed under NASA Grant 
NGR-05-020-615 between August 31, 1975 and August 1, 1976. At this 
point, substantial progress can be reported In seven of the nine pro- 
posed tasks. The work has resulted In a number of papers that have 
been presented at professional society meetings. The documents 
relating to these presentations are Included as annexes. 

The active areas of research concentration during the 
past year Include changes In the pattern of blood flow under the stress 
of lower body negative pressure (LBMP), the velocity and volume flow 
In the orifice of canine mitral valves, the evaluation of several 
Doppler flowmeter systems In terms of their ability to provide useful 
physiological Information, and analysis of the Doppler response spectra 
by computer to eliminate the effect of heart or blood vessel wall 
motion on the volume flow estimation. These results are discussed In 
greater detail below. 
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BLOOD FLOW RF DISTRIBUTION DURING 
LOWER BOD/ NEGATIVE PRESSURE 


A means for testing the cardiovascular system under stress Is to 
Induce lower-body negative pressure (LBNP) and observe changes In the 
patterns of blood flow and blood pooling similar to that which occurs 
under shock. Effective blood flow measurement Is required. 

The first Integrated-circuit, totally-implantable, directional CW 
Doppler flowmeters, shown In Figure 1, have been used at Ames Research 
Center to measure blood flow redistribution during LBNP. An LBNP study 
has been designed Involving seven or eight Implantations, each consisting 
of three of these units. Twelve units, each to be recycled on time, are 
designated for this study. 

Two flowmeters were Implanted on the mesenteric and Iliac arteries, 
respectively, of a mongrel dog. In addition to the Stanford devices, 
commercially available flow transducers were placed on the splenic and 
Iliac arteries to allow additional comparisons. An Inflatable perivas- 
cular occluder was also placed on the Iliac artery, distal to the elec- 
tromagnetic and Doppler flow transducers. This atuv.ud In vivo comparl- 
sons between electrical and occlusive flow "zeros." Figure 2 shows the 
results from the awake, unasthetized animal one day after surgery. The 
slight fluctuations for both systems during occlusive zero are produced 
by surges against the ulstal occlusion. 

The Doppler occlusive and electrical "zeros" were always coincidental, 
and continue to be so one month after surgery. During LBNP, both lilac 
and mesenteric flows decreased. At 50 mm Hg LBNP, mean mesenteric flow 
decreased more than 502 and the phasic wavefonn showed a conversion from 
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unidirectional to bidirectional flow. This demonstrates the value and 
necessity for the use of bidirectional flowmeters when studying dynamic 
vascular beds. Without this bidirectional capability, reverse flow would 
have been rectified and mean flow would have been overestimated. 



Figure 1. A Totally-Implantable, Directional CW 
Doppler Blood Flowmeter. 


I 



Figure 2. In vivo Comparisons Between Electrical 
and Occlusive Flow "Zeros" in an Awake, 
Unanesthetized Animal One Day After 
Surgery. 
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The next three flowmeters were implanted on mesenteric, renal, and 
iliac arteries of another dog and were functional three weeks after 
implantation, permitting one complete LBNP study. However, they failed 
immediately thereafter, due to body fluid leakage into the package. 
Another set, which was implanted before the first set failed, also 
became inoperative and could not complete a full LBNP study. This leak- 
age problem was totally unexpected because previous packages, with pre- 
sumably the same design, had withstood several months implantation. The 
problem has been traced to a package structure which was weakened in the 
process of accomodating a more reliable battery, which also has a larger 
diameter. The interim corrective measure is to place the battery in an 
external package connected by wire to the electronics package. Three 
packages with this feature have been completed and will be implanted. If 
this succeeds, the remaining units will be packaged this way and the pre- 
vious units that failed will be reworked or replaced so that the seven or 
eight LBNP studies, originally planned, can be completed. 


MirRAl FLOW STUDIES 


The Initial phase of the mitral flov/ study lias been concluded. 
Mitral flow information ht been collected from seven chronically 
instrumented dogs with nonnal valves. The results of this study are 
being sumiiarized for publication. The Doppler methods used are presented 
in Annex A. Typical tiiae-var'y ing velocity profiles along the plane of 
the mitral annulus (nonnal to the connrissures) are shown in Figure 3, 
along with ECG. They demonstrate the dynamic nature of flow through an 
orifice of variable dimensions. In contrast, profiles measured along 
the plane of the annulus, but parallel to the commissures, appear blunt 
throughout ventricular filling. Initial results from spectral analysis 
of the CW audio signals are discussed as part of the overall analysis 
of time-varying Doppler spectra, below. Acute studies evaluating a 
variety of commercially available, prosthetic valve designs have also 
been completed and the results will be sumiiiarizcd for publication. 

IDMgd! 

a. Parallel to the Corrmissures 

OHS 

b. normal to the Commissures 

Figure 3. Time-Varying Velocity Profiles in the 
Plane of the Mitral Annulus 
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ACUTE CALIBRATION STUDY 


The acute calibration study described In the last report has now 
been completed. The results are summarized In a paper presented at the 
May, 1976, International Symposium on BloteUmetry at Asllomar, Calif- 
ornia, and win be presented, also, at t!.e 29th Annual Conference on 
Engineering In Medicine and Biology (ACEMB) In Boston In November, 1976. 
The abstract for the latter presentation Is reproduced as Annex C, which 
gives details of the methods used and results obtained. 


SPECIAL PURPOSE TRANSDUCERS 


The design of the mitral flow transducer has been altered 
significantly during the past year to improve reliability and ease of 
construction. The piezoelectric elements z>-e now molded into, rather 
than glued on to, the epoxy pedastals. This affords better mechanical 
protection and angle control, and reduces assembly time. 

The use of commercially available stainless steel cables 
has greatly extended the useful transducer lifetime. In addition, a new 
multielement transducer suitable for measurement of mitral or tricuspid 
flows has been desip'-^d for future construction. Due to design simu- 
larities, repeated use of the mitral transducers has provided useful 
information concerning eventual, in vivo failure modes for more conven- 
tional CW and pulsed transducer designs. 

FREQUENCY OFFSET GENERATOR 

The frequency offset generator has been constructed and 
awaits testing. With this device, directional audio signals are con- 
verted from quadrature to frequency offset formats. Thus, forward and 
reverse flow components are translated to frequencies which are, res- 
pectively, above and below the offset frequency. This technique 
allows computer analysis (described below) of the di«^ectional Doppler 
spectra from mitral, acute calibration and LBNP studies. 
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COMPDTtR AMAI Y5IS OF 
T1 ML- VARYING DOl'PLtR SPFCIRA 

The methodology and Initial results from a computer technique 
for analysis of time-varying Doppler spectra have been discussed in the 
last report. This technique has proved useful in the analysis of mitral 
flow data v/here simultaneous atrial wall and blood flow signals arc 
present. Unfiltered power spectra from contiguous segments of CW mitral 
data showed the simultaneous presence of two distinct and widely separ- 
ated power peaks. Independent analyses confinned that the low-frequency 
if'onnation was produced by atrial wall motion. Under these conditions, 
velocity estimations by either zero-crossing or centroid detection 
schemes would be in error by approximately 50t. The motion s'.^nals were 
present throughout much of the cardiac cycle and oftei undetectable by 
ear. After high-pass filtering (800 Hz) and frequency smoothing, the 
actual flow signal emerged. During the conduit phase of ventricular 
fillir.g, most of the power was found to be concentrated at one frequency. 
This implies plug flow within the sample volume which extends 6 cm 
across the center of the annulus. During atrial contraction (determined 
by comparison with strip chart information) the power was spread from 
the 800 Hz high-pass frequency to cover the frequency band to as high as 
3 kHz. Conclusions regarding turbulence during this time will be 
possible following addition of the directional sensing capability pro- 
vided by the frequency offset generator. These techniques may also 
prove valuable for the separation of systematic noise from transcutan- 
eous Doppler signals. 
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Annex A 


A THCHNIQUr TOR MKAGURnMIlNT OF MITRAL FLOW IIL’MODYNAMICS 
IN CHRONICALLY INSTRUM FNTF.D ANIMAIil 


* * * 

William R. Freund; Neal W. Salomon, Howard A. Tormon; 

William L. Beaver; James D. Melndl 

Stanford Electronics Laboratories 

Stanford University 

Stanford, CA 94305 

Accurate in vivo investigation of mitral flov/ hemodyncmlcs is 
technically difficult. Interpretation of Dojrpler flow data from trans- 
cutaneous or epicardiol transducers is complicated by motion of the 
annulus and atrial walls during the cardiac cycle. Catheter 
iip irnnsducers can provide localized velocity inlorniatlon , but 
measurements of catheter position, velocity profile and volume flow 
are difficult to quantitate. Because of these problems, an intra- 
cardiac Doppler transducer has been employed to allow direct meas- 
urement of mitral hemodynamics in chronically Instrumented animals. 
Continuous v/avo (CW) and pulsed Doppler operation allow measure- 
ment of time-varying velocity profiles and vectors at fixed locations 
above the mitral valve. Spectral analysis of the Doppler audio 
signal allows estimation of velocity distribution and turbulence 
within the sample regions. 

The transducer Is constnictcfi from stainless stool, cast epoxy, 
and LTZ-2 piezoelectric materials. The three piezoelectric elements 
arc backed with echospheres tind coated with a 1/4 v/ave mtilcdiirrg 
layer for efficient pulsed operation. The elements are then molded 
onto pedestals displaced by 90° around a stainless steel rirrg. Tire 
complfded transducer is implanted in a .supra-annular posrtlon irrsido 
the left atrium. Pr-rcutaneous leads pass tirrough the lett atriitl 
appcnrlage and ate exterrralized at the luise of the neck. 

* Dept, of Cardiovascular .Surgery , Gtarrford Univ. Medical Center 
** Dept, of Radiology, Stanford University Medical Center 

Presented nt the Conference of the 
Anericnn Institute of UltroHound in 
Medicine, Snn PrniiclHCO, Co., Aur. 1976 
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RFTROmrrMTLJTV’ OF THF 
OKIP-LVA'. ■ P<k»r 


Scf|iiCMUit)l puluc'd Dupplrr opc'rnilon of tiic clcinontu allows 
fiU!Osurc>mcnt of lime- varyiiuj volocMly nfofilos aluntj and across the 
viil VO cominisMirr'S . A bidiroctional pulsed Doppler flow.nctcr 
measures velocities at el<jlit ranye getod locations across the valve. 
Velocity profile and nCC signals are multiplexed onto a fiber-optic 
visicorder which Is unbtanked at controlled rales to rer;ofd 12, 24 , 

4H or 90 profile samples per second. The pulsed echo signal can 
also be multiplexed with HCG to provide TM-modc records of relative 
motion bcf.vcen the mitral annulus and atrial walls. 

During CW operation, the three non-rcdundanl pairs of elements 
measure velocity components along seporate axes at the valve center. 
The velocity vector can then be found by trlangulotlon. Alternate 
multiplexing and transducer schemes allow real lime vector determina- 
tions at any point in the cardiac cycle. 

Use of this technique has allov,fed precise definition of the 
instantaneous transmltral flow velocity distribution in the awake, 
chronically instrumented dog. Similar studies arc in progress to 
evaluate a variety of commercially available, prosthetic mitral valve 
designs. 


■r IT’ 
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RAI)IO‘»”= !.• r.i;T'.v ri.» 'fP n.T/>r Ulf/CH 


rixw K:ct r. f./KRcir.ir r iik/.'jt mtc*. rt/i.r.i i./rr 

RtXTriir.'TS 


W.K, Fn;iinfl, !•.. Hor.a, Jr.,* 
i.nrt J.n. Hcindl 

Stanford Llrct ronlcR . * orios 

Stiinfcrd, Ccilifornio 9<*. 305 

rrovlour studlrr. hnvt* clrmonst rated the aur.tolnrd cn- 
poclty of the tranrrl ‘Pted ho irt to renford In n dlrcctJon- 
elly *iprroprln<e rr.'nrer to the wetnLoUc ricmsnris of exercise 
(1,?). In comparison to the nnrn.il heart, however, the 
absoluie level of cardiac outp’ii fren the t rr nBpli.nt»'d heart 
In conslr .ontly low* r (3), liittlo infernation Is available 
to drrcrlbr. the adaptive ptrlrhrral clrrjlatory chor.ges which 
allow nornal levels of activity despite reduced cardiac out- 
put’s, The purpose of this study wee to investl'ieto those 
adapti^t 1 uns by comporinq peripheral flow distribution during 
rest and exorcise in the dog, 

MKTHOns 


Totally imploritrd CV.' Doppler flov/mctcrs (4) were em- 
ployed to measure blood flow velocities through the renal 
and lilac arteries of adult ncnorei dons. A total of 16 
flov/mctcis were Implanted in 0 anlmols (5 controls and 3 
heart tiutot ransp lent recipients) to cemj.ore their resting 
and exercise flov.* ve)i.»es. The use cf totsily Implanted 
tc^'iretry systems allow'd freouent measurements from the iin- 
an-T.thet 1 -/cd rnlr.ials without the inconveniences often asso- 
ciated with percutaneous leads. 

Flowmeter operation v/as controlled by a 50P KHz "command 
trancmlt tor " wtilcJi activated the Implanted circuitry. The 
transducer elements (1,5 mm scjujre) v/ero eporated tit an 
ultrasonic fteouen<*y of GfMIz, The Doppler audio slunals were 
tolernclcrcd In the *>‘’-100 FHz b .nd to commercial FM receivers. 
In the iibsenrr of 1 ntorfc-r<nr.o from adjacent signal sources, 
tclemctj'v ran le exceeded 50 meters, ^’h** received Doppler 
audio signals were proce:ised by ccnventional zero-crossing 
tcchnigues . 

Follov/lnq a 3 week recovery p''rlotl, the animilr. were 
treadmill exorcised (30‘’inr 11 no) in accord mco wilh the prt»- 
tofrol devoloiod by I'ai 7 or, et a). (5). M'ltlles wei o i c- 
pcat»'d over a 2 week pt’rlod to verify consistency of 
resi’Miise. Ar* e|- 1 <i(|r ,ims wi'ie perfornwd prior lo riTevety of 
the probes to er.tjm.itc luhteti lUameler .uivJ verify th.il. the 


3d Interna tlonal Symposium on Blotr'lemetry, 
Asllomar, California, May 17-20, 1076, 
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t rmsducptn pror.cn! «-«1 no flew oljr.» rue*'. Ic' , !)1rcr< tlffd-cut 

etudlcn v/*^ro nj*!p porfortnoc! v.lth 3 anJinpls to verify flow- 
!net«;r 1 Incur Uy, 

nrsiiLTr. 


At the t?mc cf r’tidy, the tronnt'lant rvrirler.tn exhibited 
chnrecterl r.H <:s often rr.roci led v/ith c.irdjur denervation 
i,c, pel Ifher . 1 1 eden, •h'-ep' e of e r.trrtlc rerponr.c, end 
conplotc abn»*nre of ni>rtnnl slnur arrhythmia (b). For both 
groups of nnimoXs r-iximuTi respenr.** wur. echic'vcd after 1 min. 
of exercise. The henrdyn >mic fin'^'lr.'is for normal end trans- 
plant recipient animals are summarized in Table 1. 



Tabic 1, Flow and Heart 
Response to Fxcrciso 

Rate 


Aulotronsr 1 ant 

Kormel s 

KH 

56.7(7,4 ) 

ice(B) 

EH 

131,7(27.4) 

190(21.1) 

RR 

45(3.5) 

62,7(19.7) 

ER 

41.7(2.1) 

53.0(15.7) 

RI 

20(0) 

33.8(9.2) 

• 

El 

69(1.4) 

74(10.3) 


Numbers iri parentheses Inillcatc i .'j.P.N; idl* 
Resting heart rato (heats/nin); Ml=- Kyerclr.c 


heort rate (beots/ml n ) ; RR» Resting mean renal 
flow velocity (cm/s<c); KR» ''yerrlso mi.an lenal 
flow velocity (cm/sec); RT« Resting moan lll.ic 
flow velocity (cm/src); EI^i Exercise mean iliac 
flow velocity (cm/sec). 


In comparison to the normal “Irnnls, the absolute levels 
of heart rate, mean len.d and iliac flow velocities were 
consistently lower lor the transplant recipients during 
rest and exercise*. In contrast, however, * ho i e 1 at 1 ve 
changes with exercise in heart rate and flow veiocitii’s were 
similar for both iif»<nps of mimals (see Tal’li* ?). For both 
groups, he.irt i.ite eppi’t'xl mat ely doubl»»<1, mcati illiic (low 
vcloc1t(»T. 1ncre‘'r:e<l more than *wo— fold, >nd m»*an lenal 
flow vi'loflt 1*’s decr**.ir.od by less than .'’O'*-, 
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4, Curtin IM : I'cl f Ir.'t 1 <'nr. foi ul* r.isonic 

1 lowirtM crs, ( I’n; ubl 1 ml orri- 1 1 < n ) 

5, f'orocr 'C, 'Hch'f'li V, .T, ct ol: fioqul 

oi tho clrcul-itlrn rJurin cxorclr.o, C-mllac ou< | ul 
(dlr«*ct lick) t<u6 ncLabolic ad Jur » monta ir. 'ho ncrmnl 
dog. Am J Ihyntol 1«4 : ^13, lObC 

6, V.’illmun VI,, ct : I'hynlrlogic «■’! t'Tat.i cm fi'llowing 

trani.pl uni 111 ion of the he rl. Troc lat Jntl Cong 
Trnnnpl 5oc : GCl, l''C7, 


t J 
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Annex C 


THKOHtTICAL AM) rXPFIlIUf STAL ANALYSIS Of Tllf ACCURACY OF CW 
DUl’PLLH now Ml.A:.URri1KNT Willi Il'I'LANTAhLE lILVSsnilCrRS 


E.P. McCutclitfon and U,R, Frvund* 

Blonrdtcal Kt-saatch Dtvlalon 
Katlonal Avrunaut Ic k and Spai>' Adnlnlklcatlun 
Aaaia Rakaarch Criitar, Mulfalt Meld, CalKotnla 9401S 


niTROO L' CTlON i Dnrinft tho past dcLada, niimcroua 
Invaatluitora have rrployi-d conclnuoua wave (CW) 
Doppler tvchrtl^uck (or ulCrakoalc i^akutrsent of 
blood (low. Allhouali varloua theoretical and prac- 
tical anpacta o( tlila proccaa have b-vn rwportud, 
little publlalied infoniatlon ipacltlcally conalders 
the Inpact o( the per Iv.iacular tranadvter dcaign 
on BeaauceaanC accuracy. lYie purpoie o( thla 
rcaearch waa to Identify and quantify thuae 
eff ecta. 

METHODS I Studiea of the critical Interocllona be- 
tween plozualectrlc eleoenc elze and! (1) audio 
aiftnal-to-nolaa ratio; (2' qvonetry of the aanplj 
region; and (1) accuracy of center and ciean veloc- 
ity rat loat Iona were perforr.ad uelng Iji vivo, in 
vitro , and cooputer tcchnlquea. For the _ln vivo 
experlnenta, a ahort acgcient of deacendliig thoracic 
aorta (B to 12 ruj O.D.) ot aneathvclred doge wae 
expoaed and fitted with adjacent electroreagnetlc 
(131) and Doppler (low tr.inaducera (1 nm aquare 
elraiento). The tle.e varying epectral content of 
the CW Doppler audio algnala waa detrrnlned by a 
tfcie cocpresalon analysla technique. V'rloclty pro- 
fllea were neaaurud with a directional pulaed 
Doppler flowmeter. Synchronized tlre-varylng ve- 
locity profllce and ECC were cultlplexcd onto a 
fiber-optic oaclllozcope recorder. Heaaurcd and 
predicted (1) velocity profiler were compared. 
Doppler tranaducera incorporated into the arterial 
canncla provided cxpcrlcental control and addi- 
tional conpatlaonk during rtopwatch and heakur cal- 
Ibrationa. Hematocrlta were aleo eieaaurcd. In 
vitr o acoustical propertlei of varloua coupling 
raterlala, freahty exclaed veaaelt, and venaal ana- 
logs -.ere also examined by pulaa echo techniques. 
Further studies were perforred to determine the 
effects of vetkel-cuff cilaal Igravnt and variations 
In transducer aynnecry on system perforaanev. 

EESUlTSt (1) The audio si gnal-to-nolae ratio In- 
creases as the edge length to the third power, for 
square irnnsducerH, with all other fartnrs held 
conbtant. (2) For pulMatlle (lows at a heart rate 
of 2 Hz. the Instant. ineoui velocity piultteu were 
blunt throughout the cardiac cycle. They remained 
so during direct stopw.itch and beaker calibration 
dcaplte variations in thn distal tnpedanre. As 
heart rate waa lowered, the prolllcs exhibited 
changes consistent with Womerbley' a predictions, 

(3) At a heart rate of 2hz, the instantaneous 
Doppler spectra were narrow during pulsatile flow 
In thi Intact clr'iilatlun and direct cal Ihrations. 
(A) No changi k were observed In back-scat tend 
signal levels (or pliyslologtc varlailons in hemato- 
crit (Vl-AS vul*), (*i) Rounl-tilp .icuustlciil loss 
through the vessel w.ill ssh l.b db/irM .,t 6 MHz tor 
both the t_n vj_tr^ and jn cases. K>) Stgnlll- 

Caiit (>1T) errois were p.iuilble when w.irer-b.isrd 
gela w re u».d tor .nixiritUal Coupling and the 
rffeciH of lie.ei dlflr.otlon w,*re Ignored. (f) llie 
computer results -.how lie oveiest ln.it Ion ol true 
flow velocity .IS a lomllon ot Noth it’loclty pro- 
file and tronsduier eiei-ent size. (Ilg, 1). 


(B) Following nora.ll trat Ion (or I fa) ths klze of 
the ptezoelec t r U vler-entt relative to the lucien, 
and (b) predicted vsloolty protlUb, the trua flow 
vclocltlss were detcralncd with an accuracy of 
t lOX. 

DlSCL'SAION l Thsss results Indicate a lineal, con- 
stant rrlat lonslilp bclwavn measured velocity and 
voluDC flew on ktialght sections of relatively 
large vessels such as the descending thoracic 
sorts. For this case, velocity profiles are blunt 
and narrow audio spectra are produced, allowing 
accurate processing by zeru-ernsatng techniques. 
Detorolnat Ion ol lur.cn dlar.eter allows direct con- 
versions from velocity to volume flow without the 
necessity for direct calibration. For smaller 
vesssls, such as the renal artery, the valor Ity 
profiles become parabolic. Under these conditions, 
the relationship between mean velocities In the 
senplc region and rean velocity arross the vessel 
Duet be carefully calculated us a function ot 
element size. Zero-croaslng errors due to spectral 
spreading must also be constdeced. (Mg. 1). With- 
out consideration of these factors, mean velocity 
across the vessel ray be oveicst Imated by more than 
SOX, regardless of the signal processing scheme 
employed , 

(1) Wociersley, R. An Elastic Tube Theory of Pulse 
Transmission and Osrlllatory Flow In Kar.m.illan 
Arteries. WADC Tech. Kcp.irt bb-614, 1937. 



Mg. 1 Zero Crossing Overeat Im it ton of V Ulthln 
Vessel Vs. Profile Number (paiahut is . n • 2; 
blunt, n - 12) vs. Tranr.Jiuer Idgi taugth (d). 
Ptollie (n) was dellued by V - Voix (I - r**). 

* W.R, Freuiitl, Stnuford I Icci run le ■. laboratories, 
Stanford University, M.iiitiird, ( illforitl.i 9A1US. 
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